Introduction
Transcatheter aortic valve implantation (TAVI) is preferred over surgical aortic valve replacement (SAVR) in patients at extreme or high-surgical risk. 1 The proportion of lower risk patients undergoing TAVI continues to increase in view of favourable data among intermediate-risk patients and as consequence of the simplification of the procedure. [2] [3] [4] In this context, continuous surveillance of the transcatheter aortic valve durability has emerged. Although transcatheter aortic bioprostheses show superior haemodynamic performance in terms of transvalvular gradients and orifice area up to 5 years after the implantation compared with surgical valves, several reports recently described cases of valvular dysfunction attributable to subclinical or clinical thrombosis that occurred at variable time points after TAVI. [5] [6] [7] [8] [9] [10] [11] In the majority of cases, initiation of oral anticoagulant therapy proved effective in treating transcatheter aortic valve dysfunction and ameliorate clinical conditions of patients with symptoms at presentation, providing evidence of the putative role of thrombosis in the development of prosthesis dysfunction. of the pharmacological therapy to adopt in these cases are currently lacking. In addition, the impact of transcatheter heart valve thrombosis (THVT) and different regimens of anticoagulant therapy on long-term clinical outcomes is largely unknown and based on observations and limited follow-up after the diagnosis of THVT. We sought to evaluate the frequency of THVT, its management and impact on long-term clinical outcomes among patients included into a prospective registry with active follow-up based on periodic clinical visits and echocardiographic evaluation.
Methods

Study population
Between August 2007 and February 2016, clinical, procedural and followup data of 1396 consecutive patients undergoing TAVI at our institution were collected in the Bern TAVI Registry. The decision to perform TAVI was based on the evaluation of the local multi-disciplinary heart team. The procedure was performed according to standardized protocols; the choice of access site, type and size of the device was based on a comprehensive evaluation of clinical and anatomical characteristics of each patient at baseline. All patients received peri-interventional heparin at a dose of 5000 IU or 70 IU/kg. Standard antithrombotic treatment at discharge comprised dual antiplatelet therapy (DAPT, aspirin and clopidogrel) for 6 months followed by lifelong aspirin. In patients with atrial fibrillation or other indication for oral anticoagulation, the adoption of an anti-thrombotic regimen (anticoagulant agents alone or in combination with single or dual antiplatelet therapy) was tailored according to the patients risk profile. The registry is approved by the local ethic committee and all participants provided written informed consent prior to inclusion.
Follow-up procedures-echocardiographic evaluation
Post-TAVI management comprised of echocardiographic assessment of the transcatheter heart valve before discharge and clinical follow-up at scheduled time-points (30 days, 1 year and yearly thereafter). Transthoracic echocardiography was performed by board certified cardiologists using parasternal and apical views. Transcatheter heart valves were assessed according to recommendations of the Valve Academic Research Consortium (VARC-2) in terms of paravalvular leakage grading and the assessment of transvalvular gradients. Aortic valve velocity was estimated from the continuous wave Doppler on the 3-or 5-chamber apical views. Peak and mean transvalvular pressure gradients were calculated according to the Bernoulli equation. The stroke volume was recorded in the left ventricular outflow tract proximal to the aortic valve by pulsed-wave Doppler. Left ventricular outflow tract (LVOT) diameter was measured in the parasternal long axis view during mid-systole. The continuity equation was used to calculate the aortic valve area. Presence of paravalvular aortic regurgitation and grading was performed according to the Valve Academic Research Consortium criteria (VARC-2). Transoesophageal echocardiography (TEE) was performed in case of increased transvalvular gradients and suspected THVT. Longitudinal and transversal planes in the high-and low-oesophageal and gastric position were used to assess THV frame and leaflet function. In case of suspected THVT, multi-detector computed tomography (MDCT) was performed to confirm the diagnosis.
MDCT acquisition and analysis
Contrast-enhanced MDCT examinations were performed as previously described. 12 Each patient received an intravenous injection of 80-120 mL of contrast medium via the antecubital vein at a flow rate of 5 mL/s and imaging acquisition was performed during an inspiratory breath-hold in a cranio-caudal direction. MDCT images were analysed using a standard software (Syngo Multimodality Workplace, Siemens Healthcare, Forchheim, Germany). Scans were evaluated for hypoattenuated leaflet thickening. THVT was defined by the presence of hypo-attenuating mass attached to the valve leaflets identifiable in at least two different projections-double-oblique axial and multi-planar reconstructions.
Definitions
THVT was suspected in presence of (i) a mean transprosthetic pressure gradient > _20 mmHg at TTE, or (ii) an increase of more than 50% of the mean transprosthetic pressure gradients compared with previous assessment or (iii) recent or new onset of symptoms or signs of heart failure. The diagnostic confirmation was based on the TEE and MDCT evaluation. 
Data management
Statistical analysis
Continuous variables are reported as mean and standard deviation. Categorical data are reported as frequencies and percentages. The effect of baseline and procedural characteristics on the likelihood of having a THVT was assessed using univariate logistic regression. Effects are presented as odds ratios with 95% confidence intervals. Analyses were performed using Stata 14.1 (StataCorp, TX, USA).
Results
A total of 1396 patients were entered in the Bern TAVI Registry between August 2007 and February 2016. THVT was diagnosed in 10 patients (0.71%) at a median follow-up time of 379 days after TAVI (interquartile range, 35-524 days), as shown in Figure 1 . 
Clinical and procedural characteristics of study population
Baseline clinical characteristics of patients with and without THVT are shown in Table 1 . Mean age of patients with THVT was 79.7 ± 6.4; male and female were equally represented. Mean STS-PROM score was 5.3 ± 3.5%. Eight patients underwent TAVI for symptomatic, severe aortic valve stenosis and two patients were treated due to bioprosthetic heart valve failure after previous SAVR. Procedural characteristics of the overall population are listed in Table 2 . The majority of index procedures among patients with THVT (8/10) had been performed via transfemoral access. One case was complicated by the dislocation of the prosthesis into the ascending aorta necessitating the implantation of a second device. Three patients with subsequent THVT had undergone concomitant percutaneous coronary intervention due to significant coronary artery disease located in the proximal portion of one or more coronary arteries.
Clinical presentation of transcatheter aortic valve thrombosis
THVT was detected on the basis of increased transvalvular pressure gradients or symptoms at routine follow-up. At the time of THVT, the mean transprosthetic pressure gradient was 36.4 ± 8.3 mmHg. The majority of patients (7/10) presented with worsening dyspnoea (New York Heart Association functional class III) whereas three were asymptomatic. THVT was not associated with cerebrovascular accidents or other thromboembolic events. Representative images of TEE or MDCT that were performed to confirm the diagnosis of THVT are presented in Figure 2 .
Anti-thrombotic therapy in patients with transcatheter aortic valve thrombosis Anti-thrombotic regimens at different time points are detailed in Table 3 . All patients received DAPT using 100 mg of aspirin and 75 mg of clopidogrel after the index procedure, whereas one patient with chronic atrial fibrillation and previous history of recent percutaneous coronary intervention received triple therapy consisting of DAPT and rivaroxaban at a dose of 15 mg/day. At the time of THVT, seven patients were still on DAPT and three on aspirin monotherapy: in one patient DAPT discontinuation occurred according to hospital prescription after 6 months, while in the other two patients DAPT was prematurely discontinued (<6 months after TAVI). Oral anticoagulation was initiated in all patients but two, who were managed with a continued prescription of DAPT due to excessive bleeding risk and medical non-compliance, respectively. A regimen including vitamin K antagonist only was prescribed in four patients; aspirin plus vitamin K antagonist was used in two patients; one patient received aspirin plus apixaban at a dose of 5 mg bid; one patient was treated with aspirin and rivaroxaban (at a dose of 20 mg/day). At long-term follow-up (between 10 and 25 months after TAVI), 8/10 patients were maintained on oral anticoagulation, whereas DAPT was continued in one of the two patients that did not receive oral anticoagulation. 
Follow-up
After the diagnosis of THVT, all patients were followed-up through clinical and echocardiographic evaluation at different time points up to 25 months. No additional MDCT evaluations were performed. At a median time of 4 weeks after THVT, all subjects were asymptomatic. One patient on oral anticoagulation died from carcinoma at day 165 after TAVI. As shown in Figure 3 , transvalvular pressure gradients were normalized in all but two patients that maintained on antiplatelet therapy due to excessive bleeding risk and medical noncompliance, respectively. They were closely monitored using regular TTE evaluations that proved stable, elevated pressure gradients up to 2 years and 11 months after the diagnosis of THVT, respectively. None of the patients suffered from cerebrovascular events, any other thromboembolic complication, cardiac death or clinically significant bleeding during the observational period and in the absence of symptoms, no additional investigations were performed.
Discussion
The salient findings of this study investigating the frequency, the management and long-term outcomes of THVT among patients undergoing TAVI can be summarized as follows:
• THVT was detected in less than 1% of patients undergoing routine clinical and echocardiographic follow-up after TAVI.
• Values are mean þ SD, or n (%). DAPT, dual antiplatelet therapy; OAC, oral anticoagulation; PCI, percutaneous coronary intervention; SAP, single antiplatelet therapy; THVT, transcatheter heart valve thrombosis.
• Long-term use of oral anticoagulant therapy resulted in stable echocardiographic findings among patients evaluated up to 2 years after valve thrombosis.
Thrombus formation is a common cause of failure of bloodcontacting medical devices. 13 While thrombosis of bioprosthetic surgical heart valves has been underreported, THVT represents an emerging issue and a potential speed bump for the expansion of TAVI. It was first described in two patients treated with early generation transcatheter aortic valves that experienced new onset heart failure in combination with elevated transvalvular pressure gradients. 5, 14 Since then, several case reports have been published and raised the awareness of this phenomenon. To date, two main conditions can be identified: clinically overt THVT and subclinical leaflet thrombosis. In the first case, thrombus formation can affect valve function and/or cause systemic thromboembolic events. On the other side, the diagnosis of subclinical thrombosis is based on the observation of reduced leaflet motion along with corresponding hypoattenuating opacities at follow-up MDCT. This variability in definitions and methods of detection challenge a precise estimate of THVT. In the present study, the occurrence of THVT was assessed on the basis of clinical judgement and routine echocardiographic surveillance after TAVI. THVT was found in 0.71% of patients which is in line with previous reports describing cases of THVT diagnosed by echocardiographic and clinical evaluation. 9 Nevertheless, this approach is likely to underestimate the actual occurrence of the phenomenon as, in dedicated MDCT studies, features of subclinical thrombosis were observed in 4-14% of patients after TAVI. 
ASA, Phenprocoum-
ASA, Phenprocoumon (10) ASA, acetylsalicylic acid; TAVI, transcatheter aortic valve implantation; THVT, transcatheter heart valve thrombosis. (n = 931) represent the largest cohort with systematic MDCT evaluation of leaflet motion after bioprosthetic aortic valve implantation. Abnormal leaflet motion was found in 3.6% and 13.4% of patients after SAVR and TAVI, respectively. 18 Whether these subclinical imaging findings have a direct impact on valve durability or are associated with clinical outcomes is unknown and remains to be determined. Indeed, increase in aortic valve gradient of more than 10 mmHg and higher risk of transient ischaemic attacks were reported by Chakravarty et al. in patients with subclinical leaflet thrombosis whereas previous reports did not find an association between imaging and clinical outcomes. The potential mechanisms of THVT can be defined as procedure-, patient-or transcatheter heart valve-related. The procedure itself causes traumatic injury to the native valve leaflets that are left in situ after prosthesis implantation and may trigger thrombosis through the increased expression of tissue factor on the endothelial surface and local activation of the extrinsic coagulation pathway. Similarly, excessive catheter manipulation or aggressive post-dilation may contribute to leaflet damage. Incompletely apposed transcatheter heart valves may create areas of blood stasis or turbulence that can delay endothelialization and promote local thrombus formation. Furthermore, conditions associated with a hypercoagulable status (chronic renal disease, anaemia, diabetes, low cardiac output) are frequent in patients undergoing TAVI. So far, the majority of reported cases of THVT were in patients receiving a balloon-expandable valve. However, we found no interaction between valve types and THVT. Conversely, an association with valve size was observed with THVT occurring more often in small valves (<23 mm). Rheological perturbations and increased shear stress associated with patient-prosthesis mismatch may play a role in thrombus formation. In addition, smaller prosthesis size was found independent predictors of valve haemodynamic deterioration at 1 year after TAVI.
Valve-in-valve procedures have also been associated with increased risk of valve haemodynamic deterioration with smaller effective aortic annulus within surgical prosthesis accounting for higher mean gradients after TAVI. Interestingly, 2 of 10 patients that experienced THVT in our series received TAVI because of failed surgical prosthesis. The limited sample size of our study does not allow for definitive conclusions about the correlation between valve-in-valve procedure and THVT. However, future investigation is needed to evaluate the occurrence of this phenomenon in this setting as the management of anti-thrombotic therapy could be particularly challenging in these patients that are usually elderly and with high-risk profile. 19 The available evidence suggests that subclinical valve thrombosis may be observed with different devices at different time points after TAVI and the routine use of MDCT is currently not recommended outside dedicated study protocols. In this context, our study provides an estimation of the occurrence of THVT as assessed by clinical evaluation at follow-up in a real world TAVI population. In a similar retrospective analysis of 642 patients, Jose et al. 20 recently reported a clinically detected rate of THVT of 2.8%. This mismatch with our data highlights the urgent need for unanimous definition of THVT and standardized protocols for its detection. The general observation that prompt initiation of anticoagulation therapy was associated with the normalization of echocardiographic and clinical findings in our cohort is consistent with available evidence. 9 Several regimens of anticoagulation therapy have been adopted through the published reports and there is evidence of comparable effectiveness of novel oral anticoagulants and warfarin. 18 Moreover, the absence of anticoagulation therapy was identified as independent risk factor for the occurrence of transcatheter aortic valve dysfunction. 21 After initiation of oral anticoagulation in patients with THVT, transvalvular pressure gradients returned to baseline values and remained stable among patients maintained on oral anticoagulation therapy without bleeding events up to 2 years of follow-up. In order to apply the most appropriate treatment strategy for patients undergoing TAVI and avoid THVT, a standardized treatment recommendation for the optimal type and duration of pharmacological therapy after TAVI is needed, to ensure the balance between the risk of thrombotic events and haemorrhagic complications. In this context and pending, the results of dedicated randomized trials (NCT02556203, NCT02664649, NCT02247128), the choice of long-term oral anticoagulation in patients with clinically overt transcatheter aortic valve thrombosis seems effective and safe.
Limitations
This is an observational study reporting the experience of a single centre. The design of our study entails attrition and selection bias. Specifically, patients with sudden death or with uncertain cause of death may have died as consequence of unrecognized THVT. Thus, the true prevalence of TVHT in our cohort may be underestimated. Clinical conditions potentially increasing the thrombotic risk (such as thrombophilic diseases, resistance to antiplatelet agents) have not been considered. In addition, despite being an emerging marker of subclinical leaflet thrombosis, leaflet mobility was not systematically assessed neither at echocardiography nor MDCT. 
Conclusions
THVT was rarely detected at routine clinical and echocardiographic evaluation after TAVI. Transprosthetic pressure gradients were invariably increased whereas clinical presentation was variable. Longterm oral anticoagulant therapy was associated with the normalization of the transprosthetic pressure gradients and improvement of clinical status up to 2 years after the occurrence of THVT.
